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Abstract
In this article we study the prospects of the proposed Large Hadron electron Collider (LHeC) in the
search for heavy neutral scalar particles. We consider a minimal model with one additional complex scalar
singlet that interacts with the Standard Model (SM) via mixing with the Higgs doublet, giving rise to a
SM-like Higgs boson h1 and a heavy scalar particle h2. Both scalar particles are produced via vector boson
fusion and can be tested via their decays into pairs of SM particles, analogously to the SM Higgs boson.
Using multivariate techniques we show that the LHeC is sensitive to h2 with masses between 200 and 800
GeV down to scalar mixing of sin2 α ∼ 10−3.
1 Introduction
One of the most important tasks of high-energy particle physics of our time is the detailed measurement of the
couplings of the recently discovered Higgs boson. Thanks to the recent progress at the Large Hadron Collider
(LHC) some of the Higgs boson properties are known with ∼ 5% precision. After the high-luminosity LHC
most of the so-called κ parameters, which quantify the Higgs signal strength in terms of its Standard Model
(SM) prediction, may be known with a precision between 3% and 5% with mostly equal contribution from
statistical and systematic uncertainty [1]. Since the Higgs boson provides a notorious portal to new physics,
these measurements leave plenty of room for physics beyond the SM in the scalar sector.
A new generation of machines is presently discussed, which are to measure the Higgs boson properties
with high precision. Among others it is worth mentioning the so-called Higgs factories, the high-luminosity
electron-positron colliders at 250 GeV [3–5].
It is possible, however, to improve the precision of many Higgs boson measurements at the LHC already, by
upgrading the collider with a new linear electron recovery linac [6], and colliding one of the proton beams with
the new electron beam at about 60 GeV. The resulting facility is the Large Hadron electron Collider (LHeC) [7]
which can be operated concurrently to the LHC at ∼1.2 TeV centre-of-mass energy with a total integrated
luminosity of 1 ab−1. One of its prime objectives is the improvement of the PDF sets which would ameliorate
many LHC studies [2]. This can be expected to significantly reduce the PDF-associated systematic uncertainties
of LHC Higgs precision studies and also provide a very important input for many exotic BSM studies [2]. Also
a measurement of the main decay mode of Higgs boson into the bb¯ final state could be improved from ∼ 6% to
about 1% level precision. Moreover, fig. 3 of ref. [8] shows that the κZ and κW measurements can be improved
from the 2 to 3 percent level at the HL-LHC to the subpercent level when combined with LHeC measurements.
The LHeC also has been shown to be more than competitive with Higgs boson measurements, cf. [9–12] and to
bring unique opportunities with respect to Beyond the SM (BSM) physics, cf. e.g. [13–17].
Owing to the importance of measuring the Higgs sector, many LHC analyses are searching for additional
neutral scalar bosons which can be produced and decay via their mixing with the SM Higgs boson. Like
most BSM studies at the LHC, these searches have to deal with very high rates of SM backgrounds.1 These
analyses can access the squared scalar mixing angle on the order of 10% and are particularly sensitive to heavy
scalars with masses above a few hundred GeV. It is interesting to note that there are some hints in the LHC
1 Even BSM searches with clean signatures like, e.g., multi-lepton, or same-sign dilepton final states, have to contend with large
additional background sources due to pile up, mis identification, and towering QCD background rates.
1
ar
X
iv
:1
80
9.
04
32
1v
2 
 [h
ep
-p
h]
  2
4 M
ay
 20
19
data that can be interpreted as a 270 GeV neutral heavy scalar [18–20] which was referred to as the “Madala
hypothesis” [21]. These observations, together with the background-related limitations of the LHC, represent
our main motivation to study the prospects of searches for heavy neutral scalars at the LHeC. A similar study
on a preparatory level, motivated by the “Madala hypothesis”, has been performed in [22].
In this paper we present a detailed study for searching a heavy Higgs-like at the LHeC via its dominant
decays into SM gauge bosons, i.e, WW or ZZ, which in turn give rise to the final states 4l, 2l2j or νl2j, among
others. Compared with existing analyses at LHC, (cf. [23]) we find plenty of room for a discovery.
2 The Model
Extended Higgs sectors are ubiquitous in many BSM scenarios and, as such, represent a very strong case for
experimental searches. In particular, extra scalars that are singlets under the SM gauge group are envisaged
in some of the most natural extensions of the SM, ranging from Supersymmetry to Composite Higgs models
and to GUT extensions (in which the new scalar sector provides the mass to the extra massive gauge bosons).
Moreover, in some scenarios the SM singlet scalars can act as a portal to SM neutral fields in dark sectors
which otherwise would remain completely unobserved. Extra scalar singlets also play a major role in models
of electroweak baryogenesis as they represent one of the most economical possibilities to realize a first-order
electroweak phase transition.
Motivated by the aforementioned scenarios, we consider a simple extension of the SM with a complex neutral
scalar boson S, singlet under the SM gauge group. The scalar sector is thus described by the potential
V (H,S) = m21H
†H +m22 S
†S + λ1(H†H)2 + λ2(S†S)2 + λ3(H†H)(S†S), (1)
which is the most general renormalizable scalar potential of the SM SU(2) Higgs doublet H and the complex
scalar S. The mass eigenstates from the resulting mass matrix correspond to the physical fields h1,2, which are
given by (
h1
h2
)
=
(
cosα − sinα
sinα cosα
)(
H
S
)
, (2)
where the scalar mixing angle α and the masses of the physical scalars are defined in terms of the original
parameters of the potential as
tan 2α =
λ3 v x
λ1 v2 − λ2 x2 , (3)
m2h1,2 = λ1v
2 + λ2x
2 ∓
√
(λ1v2 − λ2x2)2 + (λ3vx)2 , (4)
with mh2 > mh1 and h1 identified with the 125 GeV Higgs boson. In the previous equations, v = 246.22 GeV
and x are the vacuum expectation values of the H and S fields, respectively.
After mass mixing, the mass eigenstate h1 corresponds to the SM-like Higgs, by which we mean that in the limit
of the scalar mixing angle α→ 0 we recover the Higgs boson with the interactions and properties as predicted
by the SM. The scalar mixing yields couplings between the mass eigenstate h2 and the SM fermions and gauge
bosons proportional to those of a SM Higgs boson of the same mass, with a rescaling factor given by sinα. On
top of the SM-like interactions, the last term in eq. (1) proportional to λ3 gives rise to a coupling between h1
and h2, which yields e.g. the additional decay channel h2 → 2h1 if mh2 > 2mh1 . If no other decay modes are
available for the h2, as it is the case for our simple setup, the phenomenology of the h2 below the h1h1 threshold
is similar to that of the SM Higgs with mh = mh2 , with same the branching ratios and a total decay width
simply rescaled by sin2 α. Above the threshold, the branching ratios of h2 into SM final states is given by
BR(h2 → SM) = BRSM(h2 → SM)(1− BR(h2 → h1h1)) (5)
with BRSM(h2 → SM) being the SM one. The branching ratio BR(h2 → h1h1) is computed from the corre-
sponding partial decay width which can be expressed explicitly as
Γ(h2 → h1h1) =
(
sin 2α
v
(cosα+
v
x
sinα)(
m2h2
2
+m2h1)
)2
1
32pimh2
(
1− 4m
2
h1
m2h2
)1/2
. (6)
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Figure 1: Dominant branching ratios of the heavy Higgs boson h2 as a function of its mass for a fixed value of the scalar mixing
angle, sinα = 0.2.
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Figure 2: Heavy Higgs production cross section from the process e−p → X j h2 at the LHeC. The final state X being an electron
(e−) and a neutrino (ν) denotes the neutral current (NC) and charged current (CC) interaction, respectively.
The main branching ratios of the heavy scalar h2 are shown in fig. 1 as a function of mh2 for a scalar mixing
angle sinα = 0.2 and x  v. In BSM scenarios in which the SM gauge group is extended by extra abelian
gauge factors as in the B − L models, or unified into a larger simple group as in GUT extensions, the vev x of
the extra scalar participates in the spontaneous symmetry breaking patterns and sets the scale of the mass of
the extra gauge bosons. As the void LHC searches of such states have pushed the corresponding masses to the
TeV range or above, it is reasonable to assume a large separation between x and the electroweak scale.
In electron-proton collisions at the LHeC, the heavy Higgs boson h2 can be produced through vector boson
fusion (VBF), via the charged (CC) or neutral currents (NC), cf. the left panel of fig. 2. The resulting cross
sections for this process, normalised by sin2 α, are shown in the right panel of fig. 2. It is worth pointing out
that the CC cross section is larger by about an order of magnitude, as expected due to the small coupling of
the Z boson to the charged leptons, which affects the choice of final states for the search strategies below.
3 Heavy Higgs search strategy
In the following we investigate the prospects of the LHeC in the search for a heavy Higgs h2 in the mass
region mh2 > mh1 by focusing on its leading decay modes into SM weak gauge bosons, WW and ZZ. It is
worth mentioning that the other interesting decay channels which would be extremely useful to characterise the
phenomenology of the extra scalar, and to eventually discriminate among different models, are the di-higgs and
di-top decay modes. Nevertheless, here we consider only those search channels which will most likely represent
the priorities of the research program for heavy scalars at the LHeC.
3.1 Signatures and analysis
In particular, the following signatures will be studied:
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1. µZ`` := h2 → ZZ → 4`
2. µZ`q := h2 → ZZ → 2`2q
3. µW`q := h2 →WW → ν`2j
As already stated above, further channels exist, which are not expected to add significantly to the final sensitivity
of the LHeC to heavy Higgses but are also very interesting in their own right. Examples for these channels
are the boosted mono-Z (h2 → ZqqZinv), di-top (h2 → tt¯) and di-Higgs (h2 → 2h1), and ``′ + Emiss. The
all hadronic final state VqqVqq → 4j adds significantly to the signal statistics, but it brings complication via
the nature of the jet reconstruction and the additional combinatorics that are necessary to identify the beam
remnant jet. Since we expect the complications to cancel out the advantage in statistics (at least partially) we
omit studying this channel here.
Since the signal channels 1, 2, and 3 consist of two vector bosons of high invariant mass, we consider diboson
processes in the SM as our primary background. Additional backgrounds exist in the form of processes with
initial- and final state radiation of electrons and gluons. These can have large cross sections and mimic the
signal final state. Due to the typically small momenta (particularly in the transverse direction) we neglect
those contributions in the following. Furthermore, we also consider signal and background processes only at
the leading order and neglect corrections at higher order, which may lead to small modifications in the cross
sections and also in the kinematic shapes of the observables.
The background processes considered here and the corresponding cross sections are listed in tab. 1. For
these backgrounds we use a systematic uncertainty of 2% [7].
The centre-of-mass at the LHeC is boosted with respect to the laboratory system due to the asymmetric
beam energies which pushes the final states towards positive η values. Accordingly, for heavy h2, which requires
larger parton energies, the decay products are strongly forward boosted with large (positive) η values. This
provides a good handle to separate signal from background events. For h2 masses that become comparable to
the centre-of-mass energy of ∼ 1.2 TeV this good separability is countered by the reduction of the total cross
section due to the restricted phase space.
For the reconstruction of the signal we require that the beam-remnant jet from the deep inelastic scattering
(DIS) off the proton has a transverse momentum of PT (j) > 10 GeV and a pseudo rapidity of |η(j)| < 4.5 for
geometric acceptance, while for leptons we require PT (l) > 2 GeV and |η(l)| < 4.5, with l accounts for electrons
and muons. These threshold values are representative for studies at the LHeC [?].
For the simulation of the signal and background event samples, the Monte Carlo event generator MadGraph5
version 2.4.3 [24] is employed. As usual, parton shower and hadronisation is taken care of by Pythia6 [25] while
the fast detector simulation is carried out by Delphes [26]. We use the Delphes detector card from the LHeC
collaboration. We note that Pythia needs to be patched [27] in order to achieve a reasonable event generation
efficiency and that it is crucial that the first (second) beam, as inputted in the MadGraph run card, corresponds
to the proton (electron) to correctly match the asymmetric detector setup implemented in the Delphes card. We
use an electron beam of 60 GeV with 80% polarisation, the proton beam with energy of 7 TeV and we consider
a total integrated luminosity of 1/ab. It is important to notice, that a smaller electron beam energy would
result in a smaller production cross section of the h2 and it would also reduce the LHeC reach with respect to
the heavy Higgs mass due to the more restricted phase space.
We perform the analysis for five benchmark masses mh2 from 200 GeV to 800 GeV and, for illustrative
purposes, we present detailed results for a specific benchmark point, allowed by current LHC searches [30],
defined by mh2 = 500 GeV and sinα = 0.2. For larger heavy Higgs masses, the number of events drops
significantly and, consequently, the error bands highly enlarge over the expected median preventing us from
reaching a reasonable statistical conclusion. All the backgrounds from tab. 1 with all possible decay channels
were included for each of the three signal channels, 4`, 2`+ 2j, `+ 2j+ /ET . A total of 10
7 events for each signal
and background sample was simulated.
From the available visible final states, a number of observables are constructed that are then input into the
TMVA package [28], which handles a Multi-Variate Analysis (MVA). Among the different analysis techniques,
we employed the Boosted Decision Tree (BDT) which is largely used by the LHC experimental collaborations.
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Figure 3: The most relevant observables as ranked by the BDT analysis for the three signal channels µZ`` (left), µ
Z
`q (middle) and
µW`q (right) with a signal benchmark point defined by mh2 = 500 GeV and sinα = 0.2. The variable in the left plot is the invariant
mass of four final state leptons. The variable in the middle plot is the invariant mass of two final state jets and two final state
leptons. The variable in the right plot is the transverse mass of the lepton and the two jets in the final state.
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The fully leptonic final state, µZ``: This signal channel consists of two lepton pairs `
+
α `
−
α `
+
β `
−
β with the
lepton flavours α, β ∈ {e, µ}. Conservatively, we considered here only electrons and muons but, in principle,
reconstructing tau leptons is also possible and may enhance the significance of this channel. We observed that
the final state events are characterized by a highly boosted beam-remnant jet with large positive η values.
The mass of h2 in the range investigated here is always larger than 2mZ , thus we can require the two Z
bosons to be produced on shell and to decay leptonically. From the possible combinations of same flavour and
opposite sign leptons, one should recover the invariant masses of both pairs compatibly with mZ . Nevertheless,
for our pre-selection before the actual MVA, we do not explicitly require the lepton pairs to reconstruct the Z
boson peaks within a given mass window but simply collect, among all possible leptons in the events, the electron
or muon pairs that are closest to the Z rest mass. Final state leptons are thus grouped into three categories:
4µ, 2e2µ or 4e. The main source of irreducible backgrounds in this case is given by νjZZ and e−jZZ, while the
other backgrounds that contain W bosons are suppressed during the MVA process by exploiting the different
positions of the peaks in the invariant mass distributions of the lepton pairs.
We take advantage of the full power of BDT algorithm in distinguishing between signal and background events,
feeding it with 42 kinematical observables. The most relevant observables according to the BDT ranking are,
as expected, the invariant mass of h2 from 4µ, 2e2µ and 4e respectively, as well the reconstructed invariant
mass of Z boson. As an example, the four-lepton invariant mass distribution for the signal and the background
samples is shown in fig. 3 for the benchmark point defined by mh2 = 500 GeV and sinα = 0.2. We checked that
changing the pre-selection cut of the beam remnant jet PT from 10 GeV to 20 GeV affects the final result for
the leptonic channel, which is statistically dominant, only by about 3%.
The semileptonic final state, µZ`q: In this channel the two leptons and two jets can be paired up to the
Z boson mass. The invariant mass of the two Z boson candidates in turn reconstructs to mh2 . The analysis
strategy follows quite closely the one of the fully leptonic final state described above. In particular, we collect
among all possible leptons and jets in the events, the lepton and jet pairs that are closest to the Z mass and we
further organize the events into two categories according to the flavour of the lepton pair. The most relevant
irreducible background for this channel stems from νjZZ and e−jZZ but further sizable contributions exist
from processes with at least one W boson. The reconstructed invariant mass of the h2, the pseudo rapidity
distribution of leptons and the angular separation between the leptons and the reconstructed Z, ∆R(Z, `), are
classified by the BDT algorithm as the most relevant observables in distinguishing signal from backgrounds.
The invariant mass distribution of the lepton-jet system for the signal and the background samples is shown in
fig. 3 for the benchmark point defined by mh2 = 500 GeV and sinα = 0.2.
Differently from the µZ`` above, the larger cross section allows to access heavier masses with respect to the
fully leptonic final state and, as such, makes this process suitable for searches of heavy scalars with larger
masses.
The semileptonic final state, µW`q : This signal channel is much more difficult to reconstruct compared to
the first two due to the final state neutrino which escapes from the detector and makes it impossible to fully
reconstruct the h2 system.
For our pre-selection we select in each event, among all jets with highest momentum, the two jets with the
reconstructed invariant mass that is closest to the W boson mass, and, among all possible leptons, that with
the highest momentum that together with the missing energy reconstructs more closely the transverse mass of
the second W . The main discriminating variable here is the transverse mass of h2 which is peaked around the
rest mass of h2 and has a flat tail, due to the missing energy contribution. This distribution is shown if fig. 3
for a particular benchmark point. Further relevant observables are the invariant mass of the (W + l) system,
the η(W, l) and η(`) distributions.
Here the usage of MVA, and especially the BDT, is found to be extremely useful, with respect to standard
cut-based analysis, in exploiting the differences between signal and background distributions.
3.2 Results
We employ the BDT method to perform the multivariate analysis. The discriminating power of the BDT relies
on the fact that the signal and the background may be characterised by different features that can be entangled
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Nr. final state σLHeC [fb]
1 e−jWW 23.0
2 e−jZW+ 4.16
3 e−jZZ 0.1
4 νjWW 10.4
5 νjZW− 8.0
6 νjZZ 2.4
Table 1: The SM background processes considered in this analysis. The samples have been produced with the following cuts:
PT (j) > 10 GeV, PT (l) > 2 GeV and |η(j/l)| < 4.5.
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together into several distributions. When these features are not clearly manifest in some specific observables, it
could be difficult, in principle, to identify the most relevant distributions able to efficiently separate the signal
events from the background ones. This machine learning technique is based on a set of decision trees where each
tree yields a binary output depending on the fact that an event is classified as signal-like or background-like
during the training session. The main advantage of the algorithm consists on the possibility to combine together
several discriminating variables (in our study we have employed 42 kinematical observables for both signal and
background events) into a single and more effective discriminator, the BDT variable, and thus to reach a higher
significance with respect to standard methods.
Figure 4 shows the BDT distributions for the three channels µZ`` (left), µ
Z
`q (middle), and µ
W
`q (right) for the
benchmark point given by mh2 = 500 GeV and sinα = 0.2. The BDT discriminator ranges from −1 to 1: the
events with discriminant value near 1 are classified as signal-like events (blue distribution) and those near −1
are considered as background-like events (red distribution). The optimization of the signal/background cut, as
a function of the BDT variable, has been performed using the TMVA and expressed in terms of the significance
S√
S+B
. Figure 5 shows the cut efficiency for the three channels µZ`` (left), µ
Z
`q (middle), and µ
W
`q (right) for
mh2 = 500 GeV and sinα = 0.2. For µ
Z
`` channel, by requiring BDT > 0.163, we can reach significance
S√
S+B
= 16.1σ with signal efficiency 0.91 and background rejection efficiency of 6.4 × 10−4, for the channel
µZ`q with BDT> 0.313 we obtain a significance of 12.28σ with signal efficiency 0.4 and background efficiency
1.2×10−3. Finally, for the channel µW`q , with BDT> 0.23 one can get a significance of 3.5σ with signal efficiency
0.43 and background efficiency 0.034.
The combined sensitivity is derived from the BDT distributions of the above described analyses and for
each benchmark mass. As stated above, we included a the systematic uncertainty on the background of 2%
and we used the Higgs Analysis-Combined Limit tool [29]. To extract the limit we preformed a frequentist test
which uses the profile likelihood as test statistics. In addition to the parameters of interest, such as the total
cross section and the integrated luminosity, we include a nuisance parameter for background only of 2% as a
logarithmic-normal distribution to account for the unknown systematic uncertainty of the future LHeC. In fig.
6 we show the 95% CL expected median limit on the squared sine of the mixing angle, as well the error bands
for 1 and 2 sigma. Due to the different efficiencies, branching fractions and the relevant backgrounds, each final
state contributes differently depending on the mass of the heavy scalar. As an example, we find that the µZ``
channel is the most sensitive one in the mass range 200 − 500 GeV, while the µZ`q channel is sensitive in the
higher mass regime. The current LHC limit (red dashed line) at 95% CL has been extracted from [30], where
the search has been performed for heavy scalars over the mass range of 130 GeV to 3 TeV at a centre of mass
energy of 13 TeV and 35.9/fb of integrated luminosity. In particular, the Z boson pair decay channel has been
investigated in the final state objects 4l, 2l2j and 2l2ν. It is clear that the sensitivity of the LHeC is better than
the current LHC one by about two orders of magnitude in the low mass regime up to one order of magnitude
in the high mass region. As an example, the expected 2σ median sensitivity of the LHeC to sin2 α for the mass
mh2 = 500 GeV can be as small as 4× 10−3.
For masses up to about 1 TeV this sensitivity is comparable to the forecast of the HL-LHC sensitivity via
h2 → ZZ, which we extract from ref. [31]. It is worthy of note that the LHeC’s higher sensitivity for heavy
scalars with masses of only a few hundred GeV is complementary to the higher sensitivity of the HL-LHC at
masses on the TeV scale.
4 Conclusion
Precision measurements of the Higgs boson properties are very important due to its possible role as portal
to BSM sectors. Present searches at the LHC are compatible with additional heavy scalar particles that mix
on the percent level with the SM Higgs boson. We have shown that the prospects of discovering such heavy
scalars at the LHeC are very promising and complementary to the searches at the LHC, where the notorious
SM backgrounds and systematic uncertainties make discovery difficult. Using multivariate techniques and by
exploiting three of the most promising decay channels of a heavy Higgs, we find that the LHeC can access heavy
scalar bosons with masses between 200 and 800 GeV and scalar mixings as small as sin2 α ∼ 10−3.
We also pointed out that many other interesting channels exist that may allow to test the properties and the
origin of the heavy Higgs boson. Among these, searches for (semi) invisible decays, di-higgs and the di-top final
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states may successfully exploit the cleaner environment offered by the promising future LHeC.
The superb reach to small scalar mixings for masses below one TeV makes the LHeC complementary to the
possible reach of the HL-LHC for larger masses. We therefore conclude, that this machine is uniquely suited in
order to discover and study possible scalar bosons with masses O(100) GeV.
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A Multi-variate analysis with a Boosted Decision Tree
For our analysis we employed the TMVA package [28] which incorporates a Boosted Decision Tree (BDT). This
algorithm allowed us to exploit several kinematical distributions, listed in tab. 2, for each of the three considered
signal channels. The signal and background samples are divided into a training and an analysis set. The BDT
is first trained on the training sample in order to construct the classifier that assesses whether an event is from
a signal or from a background process. The analysis sample is then used to test the final classifier, which is
obtained in the following way:
1. A root node is created from an initial number of sample events.
2. The algorithm finds the optimal threshold for a given kinematical observable that gives the best separation
between signal and background Afterwards it separates the node into two branches, one containing mostly
signal and the other mostly background events.
3. For events that are neither signal- nor background-like, the BDT continues iterating through the input
observables to decide on the nature of the unclear events.
4. Considering each branch as a new node, the algorithm goes through steps 2 and 3 and keeps repeating
it until a given number of final branches (called leaves) are obtained, which correspond to true signal or
pure background.
A given brach will define a next node according to the purity coefficient
P =
signal events
(signal events+ backgrounds events)
(7)
and the splitting criterion of a given branch, obtained by maximising the signal/background separation, is
defined by the Gini index
Gi =
n∑
i
WiP (1− P ) , (8)
where Wi is the weight of the events i. The observable with the highest discrimination power (of signal from
background events) is obtained by maximising the difference between the Gini index of the parent node and the
sum of Gini indices of the two daughter nodes.
The training sample is reweighted such that the decision tree starts with a maximal Gini index, where signal
events are equal to background events (i.e. P = 0.5). A leaf with purity greater than 0.5 is called a signal leaf,
otherwise it is a background leaf. Several trees can combined together into a so-called forest and the final BDT
output discriminator is chosen such that statistical fluctuations are minimized. The BDT discriminator ranges
between −1 and 1 corresponding to pure background and pure signal, respectively.
9
B Statistical evaluation of the BDT output
For the statistical treatment of our BDT analysis we used the Higgs Analysis-Combined Limit tool [29], which
allows for different statistical procedures. From the available options we chose to use a frequentist test of profile
Likelihood ratios as test statistics. Besides the total cross section and the integrated luminosity, we included
among the parameters of the test statistics a nuisance parameter for the background with a relative strength of
2% to account for the systematic uncertainties at LHeC as quoted by the Conceptual Design Report [32]. The
tool then computes the probability of finding the observed (simulated) data incompatible with the prediction
for a given hypothesis, the p-value. The expected value of finding the number of events in the ith bin of the
BDT distribution is given by
E[ni] = µSi +Bi , (9)
where the parameter µ is called the signal strength. The signal is excluded at (1− α) confidence level if
CLs =
P (q(µ)|µS +B)
P (q(µ)|B) < α, (10)
where q(µ) is the profile log likelihood. Finally, the error bands can be obtained by
Band(1−α) = µˆ± σΦ
−1 (1− α)
N
, (11)
where µˆ is the estimated expected median and Φ−1 is the cumulative distribution. If we restrict the number
of events for the signal and the background to be large and ignore the correlation effect between bins, the
significance can be described by the following formula
σstat+syst =
[
2
(
(Ns +Nb)ln
(Ns +Nb)(Nb + σ
2
b )
N2b + (Ns +Nb)σ
2
b
− N
2
b
σ2b
ln(1 +
σ2bNs
Nb(Nb + σ2b )
)
)]1/2
(12)
with Ns, Nb being the number of signal and background events, respectively, and σb parametrising the systematic
uncertainty.
C Variables ranking
In the tables below the following definitions have been adopted: M is the invariant mass, PT is the trans-
verse momentum, η is the pesudorapidity, ∆R is the angular separation between two isolated objects and is
defined as ∆R =
√
∆η2 + ∆Φ2, MT is the transverse mass given byM
2
T =
(√
M2(f) + P 2T (f) + |PmissT (f)|
)2
−(
~PT (f) + ~P
miss
T
)2
.
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